[1] The propagation of infragravity waves (ocean surface waves with periods from 20 to 200 s) over complex inner shelf (water depths from about 3 to 50 m) bathymetry is investigated with field observations from the southern California coast. A waveray-path-based model is used to describe radiation from adjacent beaches, refraction over slopes (smooth changes in bathymetry), and partial reflection from submarine canyons (sharp changes in bathymetry). In both the field observations and the model simulations the importance of the canyons depends on the directional spectrum of the infragravity wave field radiating from the shoreline and on the distance from the canyons. Averaged over the wide range of conditions observed, a refraction-only model has reduced skill near the abrupt bathymetry, whereas a combined refraction and reflection model accurately describes the distribution of infragravity wave energy on the inner shelf, including the localized effects of steep-walled submarine canyons.
Introduction
[2] Infragravity waves (surface gravity waves with periods of 20 to 200 s) were first observed as a ''surf beat'' modulation coincident with groups of narrow-band swell (periods of 10 to 20 s) [Munk, 1949; Tucker, 1950] . Subsequent investigations have shown that infragravity waves are important to sediment transport near the shoreline [Holman and Bowen, 1982; Bauer and Greenwood, 1990] , currents in the surfzone [Sasaki et al., 1976; Kobayashi and Karjadi, 1996] , oscillations in harbors [Okihiro et al., 1993] , and fluctuations in seismic records observed on the continental shelf [Dolenc et al., 2005; Webb, 2007] .
[3] Although infragravity motions can be produced by a time-varying break point [Symonds et al., 1982] , storm fronts [de Jong et al., 2003] , and tsunamis [Okihiro and Guza, 1996] , the primary forcing is via nonlinear quadratic interactions between swell waves (i.e., the difference interactions between the neighboring swell components that also produce wave groups) [Hasselmann, 1962] . As waves enter shallow water, the quadratic nonlinear interactions approach resonance, and near the shore significant energy can be transferred from swell to infragravity motions over a few hundred meters of propagation [e.g., Gallagher, 1971; Elgar and Guza, 1985; Herbers et al., 1995b; Ruessink, 1998 ]. Thus infragravity waves usually are small in the deep ocean (owing to shoaling and trapping), and increase as the water depth decreases, reaching heights of O(1) m at the shoreline where they can dominate the wave field [e.g., Huntley et al., 1981; Guza and Thornton, 1985] .
[4] When the swell waves break and dissipate in the surfzone, the infragravity waves are released and propagate toward the shoreline as free waves [Longuet-Higgins and Stewart, 1962; Herbers et al., 1995b] . In the surfzone, infragravity waves transfer some of their energy back to motions with higher frequencies [Thomson et al., 2006; Henderson et al., 2006] , before reflecting from the shoreline [Suhayda, 1974; Guza and Thornton, 1985; Nelson and Gonsalves, 1990; Elgar et al., 1994; Sheremet et al., 2002] . Reflected infragravity waves radiate seaward as freely propagating waves, some of which leak out to deep water and some of which return to the shore as refractively trapped edge waves [e.g., Eckhart, 1951; Huntley et al., 1981; Oltman-Shay and Guza, 1987] .
[5] Although previous observations suggest that nearshore submarine canyons may have a strong effect on the distribution of infragravity wave energy [Inman et al., 1976; Huntley et al., 1981] , most wave propagation models account only for refraction over smooth changes in bathymetry [e.g., Munk and Traylor, 1947; O'Reilly and Guza, 1993] . Here a refraction-only model is shown to have relatively poor skill predicting the infragravity energy observed near two steep submarine canyons on the southern California inner shelf. In contrast, a ray-tracing model that incorporates both refraction over smooth bathymetry and partial reflections from sharp changes in bathymetry [Kirby and Dalrymple, 1983; Thomson et al., 2005] has relatively high skill predicting the infragravity energy observed on the inner shelf and near the canyons for a wide range of conditions.
Field Observations
[6] An array of bottom-mounted current meters and pressure gages spanning a region near and onshore of two steep submarine canyons on the southern California shelf ( Figure 1 ) was maintained from late September until late November, 2003 . In depths h greater than 3 m, colocated pressure gages and acoustic Doppler current meters, as well as stand-alone (no colocated velocity measurements) pressure gages were mounted on fixed platforms within 1 m of the seafloor. In depths less than 3 m, the pressure gages were buried up to 1 m to prevent flow noise [Raubenheimer et al., 1998 ]. Pressure and velocity data were collected hourly at 2 Hz for 3072 s (51 min) for 55 days, with brief interruptions for instrument maintenance, resulting in 1100 1-hour data runs with simultaneous records at each of the 52 instrument locations.
Data Processing
[7] After initial quality control to remove bad data [Elgar et al., 2001 , power and cross spectra of pressure and velocity with frequency resolution of df = 0.0068 Hz and 42 degrees of freedom (obtained by a combination of averaging the periodograms from 9 overlapping (by 75%) 1024-s-long Hanning-filtered windows and merging groups of 7 neighboring frequency bands [Priestley, 1981] ) were estimated for each 1-hour data run. Spectra estimated with the near-bottom mounted pressure sensors were converted to sea-surface elevation using linear finite depth theory (accounting for exponential decay in the sand bed for buried sensors [Raubenheimer et al., 1998 ]), and infragravity energy was estimated as the sum of surface-elevation variance (i.e., power spectra) over the frequency range 0.005 < f < 0.050 Hz.
[8] Infragravity wave energy estimates in shallow water (h < 3 m) can be biased by contributions from shear instabilities of the alongshore current [Oltman-Shay et al., 1989; Bowen and Holman, 1989] , and thus the records (20% of the total) for which shear instabilities contributed more than 30% of the total infragravity velocity variance were excluded [Lippmann et al., 1999] . The exclusion of cases with significant shear is important only for accurate model initialization (see section 3.2), because after initialization in shallow water, the wave propagation model was applied offshore (h > 3 m) of the typical shear region (h < 3 m).
Cross-Shore Energy Ratios
[9] Similar to previous results, observed total infragravity energy levels decrease offshore (Figure 2 ) as free waves with a dependence on depth h between the theoretical limits of h À1/2 for a cross-shore propagating (leaky) wave field [Elgar et al., 1992, Figure 3] and h À1 for an isotropic edge wave field [Herbers et al., 1995a, Figure 7] . Contributions from forced, or group bound, waves that shoal proportional to a theoretical maximum h À5 ratio [Longuet-Higgins and Stewart, 1962] are small everywhere except the surfzone. Also similar to previous results, the relative contribution of seaward propagating leaky waves (with depth dependence h À1/2 ) is estimated to be a significant portion of the total infragravity energy [Sheremet et al., 2002] .
[10] The observed energy ratios (Figure 2 ) are not described perfectly by either cross-shore leaky waves (h estimate accounts for partial reflections by the canyons (Figure 1 ).
Wave Model
[11] Here a numerical model for the propagation over complex bathymetry of infragravity waves radiating from the surfzone is presented. The model propagates infragravity waves along individual ray paths, explicitly accounting for shoaling across the inner shelf, refractive trapping along the shoreline, and partial reflections from the Scripps and La Jolla submarine canyons. The approach is equivalent to tracing light rays from a distributed source through air and finite-width panes of glass.
[12] The model is initialized with observations from the seaward edge of the surfzone, and model predictions are compared with observations farther offshore. Thus infragravity energy on the shelf is assumed to be owing primarily to energy generated in less than 5-m water depth, reflected from the shoreline, and radiated seaward. Additional free wave energy from remote sources (e.g., surfzones across the Pacific Ocean [Webb et al., 1991] ), as well as local groupbound contributions, are assumed to be small.
Ray Tracing With Reflections
[13] The freely propagating waves are assumed to obey the linear, shallow-water dispersion relation
because at infragravity frequencies (0.005 < f < 0.050 Hz), the wavenumber magnitude k and the water depth h approach the nondispersive limit kh ( 1 everywhere on the shelf (h < 50 m). Thus the wave energy and the wave phase propagate at a speed c = ffiffiffiffiffi gh p , where g is gravitational acceleration.
[14] Rays are traced using
where x and y refer to cross-shore and alongshore directions, respectively ( Figure 1) , n is the integer number of ray segments along a ray path, ds is the length of a ray segment, and the angle q is determined by refraction [Mei, 1989, section 3 .2]
using the local depth h = h(x n , y n ). Using the shallow-water approximation (equation (1)), each ray transports a discrete wave packet with energy flux that is conserved along the path by shoaling and unshoaling proportional to h À1/2 . Errors introduced by neglecting finite depth effects on the dispersion relationship (equation (1)) are negligible for the results presented here, because rays leaving the outer edge of the surfzone (2.5 m depth) and subsequently intersecting the offshore sensors (located in less than 25 m depth) pass primarily through shallow water. While the energy of individual wave packets varies with h À1/2 , the total wave energy decreases more rapidly with increasing depth as more and more of the wave packets are trapped on the shelf, and in the limit of an isotropic wave field the total wave energy decays as h À1 [Herbers et al., 1995a] .
[15] Energy flux also is conserved at each canyon ( Figure 3 ) where incident rays are split into partially reflected (at specular angles) and transmitted (angle conserved across the canyon) portions. Thus a canyon is a local partial reflector along a ray path, and the decrease in energy flux transmitted along the path is accounted for with a new reflected path. After splitting, each portion continues to refract until returning to the surfzone (secondary reflections are implicitly included in the initial conditions (section 3.2), and thus are not explicitly modeled) or reaching the deep water beyond the shelf (i.e., radiation condition at the offshore boundary).
[16] Observations of infragravity waves partially reflected at La Jolla submarine canyon [Thomson et al., 2005] are well predicted by [Kirby and Dalrymple, 1983] À1/2 = 1.7) and the theoretical h À1 ratio of isotropic free edge waves (dash-dotted line, ratio = (5/15) À1 = 3). The observations are far from the theoretical maximum h À5 ratio of cross-shore propagating forced waves (dotted line, ratio = (5/15) À5 = 243). Some spread (less than 10%) about the values of 1.7 and 3.0 is expected owing to tidal fluctuations (1 m), which change ratios of instrument depths slightly (but not the absolute difference in depth).
where R 2 and T 2 are the ratios of reflected and transmitted energy, respectively, to the incident energy, and W is the canyon width using a rectangular approximation for each canyon cross section. The cross-canyon components of the wavenumber vectork in water depths within (h c ) and outside (h) each canyon are given by l c and l, respectively. The wavenumber magnitude k is set by the shallow-water dispersion relation (equation (1)), and the components are determined using the value of q n at the edge of canyon such that l = k cos (a À jqj), where a is the angle of the canyon axis relative to q = 0.
[17] For example, ray paths suggest that 55 s period (f = 0.018 Hz) infragravity waves propagating seaward from 2.5 m depth at an initial southerly angle q 0 = À25°from the local shore-normal are partially reflected by Scripps canyon (Figure 3) , reducing (increasing) the amount of wave energy that propagates southward (northward) along the shelf and refracts back to the shoreline. Evanescent modes, which decay with increasing distance from canyons, are implicit in calculating the net reflection and transmission (equations (4) and (5)), but are not assigned ray paths owing to their limited extent and effects [Magne et al., 2007] . The energy flux of each ray is specified only at either side of the canyon, and thus the focus here is on the regional effects of the canyons and the interpretation of the field observations (all sensors were outside of the canyons, see Figure 1 ), rather than localized descriptions in the canyons (where waves are both propagating and evanescent, depending upon the angle of approach).
Initialization
[18] The model is initialized at each frequency using an energy flux directional distribution F (q 0 , f ) estimated from observations in 2.5 m depth (12 instruments along the shoreline in Figure 1 ). Assuming nearly shore-normal linear wave propagation close to shore, the total seaward energy flux F( f ) is estimated at each infragravity frequency f using the observations of pressure (P) and cross-shore (U) and alongshore (V) velocities as [Sheremet et al., 2002] 
where PP, UU, and VV are the autospectra of pressure and the velocity components, respectively, and PU is the crossspectrum of pressure and cross-shore velocity.
[19] Normalized directional spectra D total (q 0 ) were obtained for each frequency using a Maximum Entropy Method (MEM) based on the first 4 Fourier coefficients of the directional spectrum estimated from the colocated observations of pressure and velocity [Lygre and Krogstad, 1986] . Although the MEM estimator resolves both seaward and shoreward propagating energy (Figure 4) , only the seaward portion D(q 0 ) is used for each ray initialization, consistent with the energy flux estimates. Phase-locked beach reflections are not accounted for by the MEM Figure 3 . Ray paths (black curves) of 55-s period (f = 0.018 Hz) infragravity waves radiated seaward from the edge of the surfzone (black triangles / along the 2.5-m isobath) at q 0 = À25°from shore normal and refracted over gridded bathymetry. The model uses 50-m resolution, and every other (100-m separation) ray path is shown here. The width of each ray path is scaled by energy flux. Applying the long-wave theory (equations (4) -(5)), energy flux (and corresponding ray width) is conserved after initialization from observations in 2.5 m depth, and when rays are divided into partially reflected (red curves) and transmitted (blue curves) paths at the canyons (yellow grid cells). Ray paths are not defined over the canyons, which are approximated using rectangular cross sections that increase linearly in width (from 50 to 200 m for Scripps Canyon, and from 300 to 450 m for La Jolla Canyon) and depth (from 100 to 150 m for both canyons) with offshore distance.
estimator, but significant standing wave modulations were not observed, possibly because the phase-locking effects are smoothed out by directional spreading, the relatively wide frequency bands, and surfzone nonlinearity and dissipation. Furthermore, tests using a different approach to estimate the directional spectrum (using a mean direction and the spread about the mean [Kuik et al., 1988] ) suggest that the results are insensitive to the directional estimation method. The directional distribution is normalized such that P D(q 0 ) Á dq 0 = 1, and thus F (q 0 , f ) = F( f )D(q 0 ).
[20] For each hourly data set, ray paths are initialized with evenly spaced (dl = 50 m) interpolations of discrete flux packetsF = F (q 0 , f ) Á df Á dq 0 Á dl in each frequencydirection band (dq 0 = 5°and df = 0.0086 Hz). To reduce effects from the edges of the finite domain, estimates ofF were extrapolated to initialize ray packets (also 50 m spacing) extending 1 km to the north and to the south of the 2.5-m-depth array (Figure 3) . Ray packets were calculated for all nonzero components of F (q 0 , f ). The results are insensitive to the type (e.g., linear, quadratic, cubic spline) of interpolation used for producing initial conditions. The energy fluxF in each ray packet is conserved along the ray paths, regardless of changes in the bandwidth dq (an advantage of the ray packet approach [Bouws and Battjes, 1982] ) during refraction (equation (3)).
Regional Distribution
[21] To study the regional distribution of infragravity wave energy, ray paths are traced seaward from 2.5 m depth, and the corresponding flux packetsF are summed over a 50-m-resolution grid, assuming a linear superposition of the refracted wave components. The total infragravity energy E in a grid cell is calculated by summing flux contributions E = PF Á T of discrete ray packets with residence times T = P ds/c in that cell, where c = ffiffiffiffiffi gh p is the local group speed and ds is the length of a ray segment [Bouws and Battjes, 1982] . Several grid resolutions (25, 50, 100, 150 m) and ray segment lengths (ds = 5, 10, 20 m) were tested, with 50-m grid and 5-m ray segment values chosen as the best combination of accuracy and computational efficiency.
[22] Using the total infragravity energy simplifies the comparison with observations, and smoothes over any partial standing wave patterns that may be present near the canyons. Partial standing waves owing to the phasecoupling between incident and reflected waves are negligible in broadband wave fields near diffuse (i.e., sloping walls) reflectors [Thomson et al., 2005] , and are excluded in the phase-averaged tracing of rays.
Results
[23] The total infragravity energy predicted by the model is compared with the energy observed at the offshore instrument sites, which are grouped by depth for plotting. First, two contrasting case studies are described, and then a normalized root-mean-square error (i.e., model skill) is evaluated for the entire data set. The effects of partial reflection from the canyons are strongest within 1 km of the canyons.
Case Studies
[24] In a case study with a directionally narrow infragravity wave field radiated seaward (Figure 4a, 24 October 2003 , 1900 from the surfzone at a mean angle q 0 = À25°(south of shore normal), canyon effects are important to the distribution of infragravity energy on the inner shelf ( Figure 5 ). For example, many of the q 0 = À25°rays reach Scripps Canyon and reflect offshore to deep water (Figure 3) , instead of propagating along the coast and contributing to the infragravity energy at southern sites ( Figure 5 ). Similarly, many northward (q > 0, Figure 4a ) rays reach Scripps Canyon and also reflect offshore (not shown). Thus the total infragravity energy at most sites is reduced by canyon reflections (Figure 5 ), even when southward components dominate (both southward and northward components are present for all cases).
[25] Although as large as a factor of four in places (e.g., y = 600 m on the 15-m isobath, Figure 5d ), for this case study the difference in model skill (with and without reflections) is moderate, because Scripps canyon is narrow (W $ 100 m wide) relative to infragravity wavelengths (2p/k $ 500 m), and thus modeled reflections are small (<30%) for most angles of incidence (equations (4) - (5)). Canyon effects are more significant (e.g., reflections up to 95%) in the vicinity of the wider (W $ 350 m) La Jolla Canyon [Thomson et al., 2005] , but there are only a few locations with observations for comparison, and none for Normalized energy density at frequency f = 0.018 Hz (55-s period) versus direction (degrees relative to shore normal) for case studies with (a) narrow and (b) broad directional spectra D(q 0 ) used to initialize seaward propagating ray paths. The directional spectra were estimated from observations in 2.5-m water depth at the north end of the array (x = À0.2 km, y = 2.7 km, Figure 1) , and are qualitatively similar (i.e., narrow or broad) at all the infragravity frequencies (0005 < f < 0.050 Hz) and at all the 2.5-m-depth locations for each of the time periods shown. Only the seaward (left half of the figure) portion is used to initiate the model, and the directional spectra are rescaled to distribute the total seaward flux into dq 0 = 5°bins for ray path initialization such that P þ90 À90 D(q 0 ) Á dq 0 = 1. The centroid (q 0 = À25°) of the seaward-propagating peak in the directional spectrum in Figure 4a is used to initialize the example rays in Figure 3 . accurate surfzone initialization, south of the Scripps Pier (y < 0.0 km, Figure 1) .
[26] In a case study with a directionally broad infragravity wave field radiated seaward (Figure 4b , 31 October 2003, 0500 h PST) from the surfzone at an angle q 0 = 0°(shore normal), canyon effects are not as important to the distribution of infragravity energy on the inner shelf ( Figure 6 ) as they are in the case with directionally narrow initial conditions ( Figure 5 ). For the wave field with broad directional spectra, model predictions with and without reflections are similar to each other and to the observations (Figure 6 ). Other directionally broad case studies also exhibit a reduction in the impact of reflection on model skill compared with directionally narrow wave fields, possibly because the directionally broad distributions are mostly symmetric about shore normal (average q 0 = À3°). In contrast, the directionally narrow distributions have relatively more energy propagating southward (average q 0 = À22°), such that a larger percentage of the energy for the narrow cases intersects a canyon and is reflected.
[27] For all cases, the propagation of incident swell waves over complex bathymetry (not presented here) produces strong alongshore gradients of incoming energy in the surfzone [Kaihatu et al., 2002; A. Apotsos et al., Wavedriven setup and alongshore flows observed onshore of a submarine canyon, submitted to Journal of Geophysical Research, 2007] , and the corresponding alongshore gradients of infragravity wave energy are important to the ray tracing initialization (e.g., Figures 5a and 6a) . However, during the subsequent propagation (i.e., refraction and partial reflection) of infragravity waves, the alongshore gradients decrease with increasing water depth, producing nearly uniform alongshore distributions of energy in 10-to 15-m water depth (Figures 5c, 5d, 6c, and 6d) . Thus, although the propagation of incident swell over the canyons has a large effect on the amount of energy available for local infragravity wave generation, it has a lesser effect on the overall distribution of infragravity energy in deeper water (i.e., on the inner shelf). In this directionally narrow case study (e.g., Figure 4a) , a ray tracing model that includes partial reflection from the canyons (solid curves) has more skill than a refraction-only ray tracing model (dashed curves). The models are initialized by interpolating the estimated seaward propagating directional energy flux spectra F (q 0 , f ) along the 2.5-m isobath. The isobaths also vary in x (not shown) such that they wrap around each canyon (Figure 1) , and thus modeled infragravity energy is defined at all points along the isobaths. For these depths, the Scripps and La Jolla Canyons are located between y = 650 to 900 m and y = À1200 to À800 m, respectively (Figure 3) . In this directionally broad case study (e.g., Figure 4b) , a ray tracing model that includes partial reflection from the canyons (solid curves) has equal skill to a refraction-only ray tracing model (dashed curves). The models are initialized by interpolating the estimated seaward propagating directional energy flux spectra F (q 0 , f ) along the 2.5-m isobath. The isobaths also vary in x (not shown) such that they wrap around each canyon (Figure 1) , and thus modeled infragravity energy is defined at all points along the isobaths. For these depths, the Scripps and La Jolla Canyons are located between y = 650 to 900 m and y = À1200 to À800 m, respectively (Figure 3 ).
Model Skill
[28] Comparisons of model simulations with observations indicate that partial reflection from the canyons is important near Scripps Canyon where neglect of canyon effects can result in an order of magnitude overprediction of infragravity energy (Figure 7a ) owing to the effectiveness of the canyon in deflecting infragravity waves offshore (and the subsequent wave radiation from the domain). However, far from the canyons, including canyon reflections results in significantly smaller improvement in model skill (Figure 7b) . Averaging over all 1-hour records (880) and all offshore instrument locations (40 total, excluding initial conditions, but including several 20-m-depth instruments (Figure 1 ) not shown in Figures 5 and 6 ), accounting for partial reflections from the canyons results in improved model skill within about 1 km (i.e., a few wavelengths) of the canyons. In particular, a normalized model error , defined by
remains small near the canyons only if partial reflection is included in the ray-tracing model (Figure 7c ). On average, the refracted-reflected ray tracing model explains 85% of the observed variance (defined as 100 Â [1 À 2 ]), whereas the refraction-only version explains 68% of the variance.
Conclusions
[29] The observed spatial variability of infragravity motions on a continental shelf with complex bathymetry Results from the refraction model that includes canyon reflections (squares and solid best-fit lines) agree with observations at both locations (Figures 7a and 7b) . Results from the refraction model that does not include canyon reflections (dots and dashed best-fit lines) agree better with observations at locations far from the canyons (Figure 7b ) than at locations near a canyon, where the model overpredicts the observed energy by up to an order of magnitude (Figure 7a ). The normalized root-mean-square error (averaged over all 40 sensors deeper than the 2.5-m-depth initial conditions and interpolated over the canyon axes) (Figure 7c ) is small along the entire array for the refraction model with canyon reflections (solid curve), and is large in the vicinity of the La Jolla and Scripps canyons for the refraction-only model (dashed curve). that includes two submarine canyons was analyzed with a wave propagation model that conserves energy flux during both refraction over smooth bathymetry and partial reflection from the canyons. The model was initialized with observations of seaward radiated infragravity waves generated within the surfzone along a southern California beach. The corresponding model predictions of infragravity energy on the inner shelf are in agreement with the field observations over a wide range of conditions. Comparisons of a refraction-only model and a combined refraction-reflection model with the observations suggest that the effects of submarine canyons on the spatial distribution of infragravity energy over the inner shelf primarily are localized to within a few wavelengths ($1 km for infragravity waves) of each canyon. Close to the canyons, the predictions of infragravity energy using a refraction-only model can be an order of magnitude greater than corresponding observed values. In contrast, the combined refraction-reflection model is accurate both near and far from the canyons.
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